INTRODUCTION
Over several decades, Argonne National Laboratory (ANL) has developed and used a number of computer models in support of the U.S. Department of Energy's (DOE's) advanced automotive R&D program to address vehicular life cycle, which ranges from design and manufacturing through recycling. In addition, advanced batteries, fuel cells, engines, and many vehicle configurations have been developed/tested in DOE's facilities at ANL. This combination of analytical, developmental, and testing experience has been supported through modeling and analysis at all levels, from components (i.e., GCtool) to the whole vehicle (PSAT).
GCtool is a software package developed specifically for designing, analyzing, and comparing fuel cell and other power-plant configurations, including automotive, spacebased, and stationary systems. Its strength is dynamic, total-system fuel cell modeling. GCtool provides a convenient, flexible framework for integrating various component models, in C or any C-linkable language, into simple or complex system configurations. A library of subcomponent models and properties is available, and users can easily add their own models as needed.
PSAT allows users to evaluate fuel consumption and vehicle driving performance for many different vehicle configurations. ANL developed this forward-looking model to study transient effects and the interactions among components with accurate control commands. PSAT has been validated for several vehicle configurations and classes and is used to perform studies for the DOE and FreedomCAR Partnership.
A well-to-wheels (WTW) analysis of a vehicle/fuel system covers all stages of the fuel cycle, from energy feedstock recovery (well) to energy delivery at the vehicle's wheels. A WTW analysis is also referred to as a fuel-cycle analysis. Since 1995, ANL has been developing the Greenhouse gases, Regulated Emissions, and Energy use in Transportation (GREET)model as an analytical tool for estimating the WTW energy use and emissions associated with transportation fuels and advanced vehicle technologies. During this time, Argonne has applied the GREET model to analyze WTW energy and emission impacts of various transportation fuels and vehicle technologies [1] [2] [3] [4] .
GCTool, PSAT, and GREET were used in this study to simulate fuel cells and vehicles and their contribution to Green House Gases (GHGs). An earlier study by ANL [5] concluded that fuel cell vehicles had great potential to reduce carbon dioxide and GHGs. In that paper, conventional engine technologies were compared with advanced fuel cell systems. This paper provides an update of the preliminary results by comparing additional drivetrain configurations, all based on current technologies.
GCTOOL FUEL CELL SYSTEM MODELING
GCTool was developed at ANL for steady-state and dynamic analysis of fuel cell systems. It allows users to establish realistic system constraints and conduct constrained optimization studies. The analyses are typically conducted in design or off-design modes, but mixed modes are also permitted. In the design mode, the components are sized to meet specified performance targets. In the off-design mode, GCTool determines the performance of components of a given size and their physical attributes.
GCTool has an extensive library of model classes for components and devices that appear in practical energy conversion systems. In particular, the library includes various types of fuel cells (polymer electrolyte, solid oxide, phosphoric acid, and molten carbonate), hydrogen storage devices (compressed gas, liquid hydrogen, metal hydrides, glass microspheres, etc.), catalytic reactors (such as for auto-thermal reforming, steam reforming, water-gas shift, preferential oxidation, and sulfur removal), and heat exchangers (counterflow, air-cooled condenser, finned radiator, etc.). Several thermodynamic codes are available in GCTool for equations of state of mixtures of gases, liquids, and condensables, which can be used for gaseous (e.g., hydrogen and methane), liquid (methanol, ethanol, octane, etc.), and synthetic fuels (gasoline and diesel).
GCTool is focused on design and searches for optimum configurations. The detailed algorithms in GCtool (thermodynamic and chemical transport) are generally inappropriate for use in vehicle studies because of the greatly increased computer run time. For this reason, engineering models of fuel cell systems and components using the GCTool architecture have been developed for vehicle analysis, as has a procedure to automate the linkage to MATLAB-based vehicle codes (i.e., PSAT).
PSAT VEHICLE MODELING
PSAT was developed under MATLAB/Simulink, thereby allowing users to realistically estimate the wheel torque needed to achieve a desired speed by sending commands to the different components, such as the throttle for the engine, displacement for the clutch, gear number for the transmission, or mechanical braking for the wheels. In this way, we model a drver who follows a predefined speed cycle. Moreover, as components react to commands as in reality, we can implement advanced component models, take transient effects into account (such as engine starting, clutch engagement/ disengagement, or shifting), or develop realistic control strategies. Finally, PSAT has been validated by using several vehicles [6] [7] [8] [9] .
GREET
A WTW analysis of vehicle/fuel system covers all stages of the fuel cycle -from energy feedstock recovery (wells) to energy delivered at vehicle wheels (wheels). Since 1995, with funding from DOE, ANL has been developing the GREET model as an analytical tool for use by researchers and practitioners to estimate WTW energy use and emissions associated with transportation fuels and advanced technology vehicles. Only the feedstock and fuel stages (called "well-to-pump" or "upstream") values are used from GREET; the vehicle operation stage (called "pump-to-wheels" or "downstream") is evaluated by using PSAT and GCtoolEng, as shown in Figure 1 .
VEHICLES DEFINITION
The reference vehicle is based upon an SUV (Sport Utility Vehicle) platform, and the vehicle's characteristics are listed in Table 1 . Fuel economy values mentioned in Table 1 are EPA unadjusted values. The combined fuel economy obtained with PSAT is higher than the reference value because the effect of cold start was not taken into account.
Eleven powertrain configurations have been simulated to evaluate the potential of fuel cell technologies:
 Conventional vehicle (CONV) with gasoline engine (SI) and automatic transmission (reference).  Conventional vehicle (CONV) with diesel engine (CI) and automatic and manual transmissions.  Starter-alternator parallel hybrid (PAR ISG) with gasoline and diesel engines.  Pre-transmission parallel hybrid (PAR PRE-TX) with gasoline, diesel, and hydrogen engines (H 2 ICE).  Fuel cell vehicle (FC) with no energy storage.  Fuel cell hybrid (FC) with two hybridization degrees (small and large energy storage).
Series hybrid configurations have not been included in the study because the components could not be sized within reasonable power to achieve sufficient acceleration. The vehicles are defined in more detail in Appendix 1.
METHODOLOGY ASSUMPTIONS
Several papers by Santini [10] have emphasized the need for a defined set of rules that should be adopted to ensure a fair and consistent assessment. To fulfill the recommendations, the following hypotheses have been made:
 The components of each configuration have been sized to achieve performance similar to that of the reference vehicle (0-60 mph in 10.5 s +/-0.2 s and maximum speed >100 mph). Other WTW studies, such as MIT [11] , took the approach of keeping a constant powertrain-specific power, but this does not adequately consider the different torque characteristics of each component technology. the configurations with an engine or fuel cell.  Because the goal of this paper is to focus more on the impact of drivetrain configurations rather than fuel production, we will only consider one hydrogen production path: from reforming at a station, which is the solution that is expected to be used first.
STUDY RESULTS
In this section, we will discuss the impacts of each vehicle configuration on fuel economy, powertrain efficiency, and GHGs as a function of driving schedule. The results are listed in Appendix 2. Figure 2 details the fuel economies for the different configurations on the Combined cycle (including FUDS and FHDS). Note that substantial gains can be achieved through dieselization or hybridization. The hybrid fuel cell configuration combines high fuel-cell-system efficiency and regenerative braking to achieve the highest fuel economy. However, excessive hybridization diminishes the gain in fuel economy for two reasons: (1) the smaller battery configuration recovers most of the regenerative braking and (2) decreasing the fuel cell system power leads to a decrease in the average efficiency of the fuel cell system.
The results are intuitive in that diesel hybrids are more fuel-efficient than gasoline hybrids. But the analysis also shows that fuel economy of hydrogen-fueled ICE hybrids could exceed that of conventional vehicles (gasoline or diesel) and is within 10% of the diesel hybrid. Finally, note that the fuel economy of a conventional diesel with a manual transmission is comparable with that of a hybrid gasoline vehicle.  Dieselization and hybridization lead to an improvement of more than 50%, and  A gain of more than 150% can be obtained with the hybrid fuel cell.
From the WTW perspective (cf. Figure 3) , note that conventional gasoline vehicles are rather inefficient (~14%). When producing hydrogen from reforming at a station, fuel cell vehicles have a lower advantage in terms of efficiency.
The results differ as a function of driving schedule. Figure 4 compares the efficiency results of the pretransmission parallel hybrid and the reference vehicle for various cycles. The cycles with low power demand (low speed or steady-state operations) appear to be the most suited for hybrid operations. The US06 cycle, which is the most transient of the five, is consequently the least effective for HEV applications.
These results are logical considering the sources of savings for hybrid vehicles: regenerative braking, no engine idling, and better powertrain efficiency at low power demands. Transient drive cycles with low average vehicle speed are best suited for hybrid vehicles. As a consequence, the hybrid's fuel economy gains on the Highway or US06 cycle are less than those for the Urban or the Japan 1015.
Studies by Santini [12] pointed out that on a fixed time budget, vehicle miles travelled by vehicle vary inversly with the average driving speed. In other words, personal vehicles based in congested urban areas may accumulate fewer miles of driving per year than suburban-based vehicles. Thus, owners of hybrid vehicles living in congested areas may drive less than hybrid owners living in suburban area, nullifying the large fuel economy advantage they hold over comparable conventional vehicles. Figure 5 shows the implications associated with the fuel used, assuming the vehicles are driven the same number of hours per day, by showing the ratio of gallons used per 10 hours compared to the reference vehicle. The error bars are used to show the range for all the cycles considered (FUDS, FHDS, US06, NEDC, and Japan1015). The difference between drive cycles is not of great importance anymore. By analyzing the results of each cycle (cf Appendix 2), one can see that some cycles, which had low improvements in fuel economy ratio compared to the reference (US06 as example), lead to significant savings in fuel. Finally, interest in starter-alternator configurations also depends on the driving cycle; as in the gasoline case (Parallel Start-alt SI), there is no gain in fuel economy in an FHDS cycle. Figure 6 shows energy loss during the NEDC cycle for each component for the configurations considered. The engine is, by far, the least efficient of the components (accounts for more than 75% of the total losses for the reference case). Fuel cell vehicles lose only half the energy of the best parallel case.
Moreover, a hybrid fuel cell powertrain consumes less energy than a system containing only a fuel cell. The weight advantage of the fuel cell system is not sufficient to compensate for the loss in regenerative energy.
GHG emissions are an important consideration from a tailpipe emission perspective for most countries. A clean vehicle, such as a fuel cell vehicle, does not mean that there are no emissions from a well-to-wheel perspective. Figure 7 shows that fuel cell vehicles could contribute to a 60% decrease in GHG emissions, in comparison with the most advanced hybrid engine configuration. However, for current technologies, the pre-transmission diesel HEV appears the best option. 
CONCLUSION
Current technology capabilities have been compared and their potential from a WTW perspective has been evaluated by using a unique set of tools (GCTool, PSAT, and GREET). Hybrid electric vehicles with gasoline engines achieve performance comparable with that of conventional diesel vehicles. On the other hand, hybrid electric vehicles with a diesel engine appear to be competitive in terms of total energy cycle when hydrogen is produced from natural gas. The study also demonstrated that increasing the degree of hybridization for fuel cell vehicles by using NiMH technology does not always mean increased fuel economy. Despite the appearance that low-speed driving cycles would save more fuel than would high-speed ones, we demonstrated that the potential savings for 10 hours of driving are similar from one cycle to another. One of the major issues with fuel cells is hydrogen production, and so an intermediate step toward the hydrogen economy could involve using hydrogen ICEs to allow the development of the upstream side. The results of this study are comparable with those from the General Motors study [1] , and yet they provide more information on the vehicle side. An additional study will be presented to compare future technologies and assess the benefits of potential 2010 fuel cell technology. 
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